Abstract. Based on the principle of superposition, the Infinite-length Linear Heat-source Model (ILM) is applied to the analysis of the long-term performance of Ground Heat Exchanger for Ground Source Heat Pump. The existing heat transfer models, including the Infinite-length Linear Heat-source Model (ILM), the Finite-length Linear Heat-source Model (FLM) and the Infinite-length Cylindrical Heat-source Model (ICM), are compared. It is found that for deep buried pipe, the results of the ILM are exactly the same with that of the FLM, while the results of ICM show large deviation. Comparing with FLM, ILM is of much higher calculation speed which may save lots of computer burden when applying to actual projects.
Introduction
A lot of researches on the heat transfer model of ground source heat pump were reported in literature home and abroad which can be divided into analytic and numerical methods [1] [2] [3] [4] [5] [6] [7] [8] [9] . The underground heat exchange of ground source heat pump is a long-term non-steady-state process. Unless long-term (at least one year) dynamic simulation has carried out, the ground heat exchanger performance analysis can not be predicted. As the temperatures of inlet and outlet water of heat pump vary with the underground temperature change, the traditional method of energy analysis can not be used to predict annual energy consumption. So, dynamic energy simulation software must be coupled with the process of ground heat exchanger to carry on energy analysis.
The results of numerical model which takes into account complex boundary conditions are not general, while that of analytical model whose boundary conditions are simple are common but accuracy is low. However, for long-term progress (month, year or even longer), the accuracy of analytical solutions meets project needs. In actual project the dimensionless criterion 20 2 > = r at Fo is used as criterion for small error [1, 10] . On the basis of the principle of superposition, the existing analytical models are used to analyze the ground heat exchanger performance under variable load and compared. The results show that the Infinite-length Linear Heat-source Model has a lot of advantages when used to analyze the heat transfer performance such as simple formula, higher calculation speed which is worth using in the design and analysis of ground heat exchanger system.
Heat transfer model of underground exchanger
There are mainly three heat transfer models of underground exchanger which are the Infinite-length Linear Heat-source Model (ILM), the Finite-length Linear Heat-source Model (FLM) and the Infinite-length Cylindrical Heat-source Model (ICM).
ILM
The soil is assumed to be infinite medium with uniform temperature distribution. The linear heat-source is turned on at zero time. The underground temperature distribution is [10, 11] :
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Where 2 r X aτ = ; T-the underground temperature with a distance of r to the linear heat source, ºC; T 0 -the undisturbed temperature of soil, ºC; q l -linear heat source heat dissipation, W/m; r-the distance to linear heat source, m; λ s -thermal conductivity of soil, W/(m·K); a-thermal diffusivity of soil, a=λ s /ρ s /c s ; ρ s -the density of soil, kg/m 3 ; c s -the specific heat of soil, J/kg/ ºC; τ-the time from the start time, s.
ICM
Kavanaugh calculated the heat transfer and underground temperature using ICM. Assuming a separate column is surrounded by infinite homogeneous medium and the heat transfer process is purely heat conduction. The analytical solution model is as follow [12] :
Where 
The borehole where the U-tube heat exchanger is laid which transfers heat with the soil is considered to be a finite linear heat source which exchanges heat with the semi-infinite medium. Green function and linear superposition principle are used. The analytical solution is obtained as follow [4] : 
Where H-the depth of the hole, m; ρ-the radial distance to the linear heat source, m; z-the distance to the ground, m; erfc-the complementary error function.
The analytical model under variable load
The above heat transfer models are proposed for the constant load, which can not be used in practical projects unless modified because the ground heat exchanger load varies with building load and COP of heat pump. The heat transfer equation for the constant-property medium is linear equation. Assuming that the ground heat exchanger load is constant in a small period of time (usually 1h), the underground temperature distribution can be analyzed by the principle of superposition using above three models [13, 14] . Assuming that the ground heat exchanger load is constant in the period of (τ i-1 , τ i ), the underground temperature can be described by the following formula:
Where q i -the load of i time, W/m; τ i -the i time, s; τ n -the end time, s; g(τ)-the temperature response coefficient; R b -the borehole thermal resistance For the pipe group which is composed by n U-tube, formula (4) is changed as follow on the base of the superposition principle: 
Considering the borehole thermal resistance, the U-tube loop average temperature can be obtained by:
Where r b -Borehole radius, m. For each discrete time, Eq. 6 changes as follows:
Where T f,o -the outlet temperature of U-tube, ºC; T f,i -the inlet temperature of U-tube, ºC; c-the specific heat of the circulating fluid, J/(kg·K); m-the mass flow of the circulating fluid, kg/s.
Comparison of the above three analytical model
According to formula (4) it can be seen that the main difference of the above three analytical models for heat transfer analysis of ground heat exchanger is reflected in the different temperature response coefficient g (τ). Thus the comparison of the three heat transfer model can be carried out by the comparison of g (τ).
The expression of g (τ)
For ILM, g (τ) can be written as:
For ICM, it is: 
For FLM, it is: To calculate g (τ) for one year, the speed of ILM is 3.15 million times of FLM which suggests that ILM is excellent when using to analyze the thermal performance of the ground heat exchanger which is deep buried.
Summary
(1) For the ground source heat pump with deep buried pipes, the solution of ILM is the same as FLM, while ICM has larger deviations with them.
(2) For the annual simulation of 100m depth borehole, the calculation speed of ILM is million times of FLM.
(3) ILM can be applied to the analysis of the thermal performance for ground heat exchangers on the basis of the principle of superposition.
